Experimental studies of Mg-MIS inversion layer grating solar cells. by Poon, Ming-cheong. & Chinese University of Hong Kong Graduate School. Division of Electronics.
EXPERIMENTAL STUDIES OF MG-MIS INVERSION LAYER
GRATING SOLAR CELLS





EXPERIMENTAL STUDIES OF MG-MIS INVERSION LAYER
GRATING SOLAR CELLS
by
POON M I NG-CHEONG
A thesis submitted in partial fulfilment of the
requirements for the degree of
M1iSTER OF PHILOSOPHY
in the Department of Electronics,
The Chinese University of Hong Kong,
1983.
( 潘 明 昌 ) ,B.Sc., C.U.H.K.
ACKN(MLEG[MPITS
I would 1 ike to thank Dr.Y.W.Lam, my supervisor, for the
opportunity he has given me to carry out the present project and for his
valuable advice and guidance.
I would al so 1 ike to thank Mr. C. K. Pun, Mr.W. C. Chu and 11s. L. Y. PI
Yum for the technical assistance they have rendered to me in
accompl ishing this project. Thanks are also due to the other staff











2.3 Results and Discussion
2.4 Conclusion





































4.1 Room Temperature Storage 52
4.2 Effect of SiO Thickness 56
4.3 Effect of Exposure Time 58
4.4 High Temperature Lifetesting of the Mg 65
front contact
CHAPTER V IMPROVEMENTS 76
5.1 Screen Printed Al Back Contact 76
5.1.1 Theory 76
5.1.1.1 Thickfilm Screen Printing 76
5.1.1.2 Back Surface Field 77
5.1.2 Experiment 78
5.1.3 Results and Discussion 79
5.2 MIND 86






A1 Aluminum T Absolute Temperature
AMI Air Mass One Tr Room Temperature
AR Antir ef1ection Voc Open C i r cuit Vo ltage
BSF Back Surface Field Vr Voc at Room Temperature
On Diffusion Coefficient of W Width of the R+ Region
Electron in P-Si Efficiency
Ec Conduction Band Edge Energy
Er Fermi Energy
Ego Activation Energy for n., eV.
Ev Valency Band Edge Energy
FF Fill Factor
Isc Short Circuit Current
Jo Dark Current Density Preexponential Term
Jsc ghort Circuit Current Density
k Boltzmann's Constant
L Thickness of the P-Reg ion




Na Acceptor Density in the P+ Region
n- Intrinsic Carrier Concentration
q Electronic Charge
Si Silicon




Mg-MISIL grating solar cells have been fabricated in our
laboratory. Direct evaporation of the Mg front metal contact through a
silicon mask is used and an efficiency of 17.3% has been achieved, which
is the highest active area efficiency obtained by the silicon-mask
technique. The cell was fabricated following our optimized procedures.
In this thesis, the optimization of sintering time is presented
first. The general performance of the cells including the spectral
response compared to PN junction, the temperature coefficient and the
behaviour under different illumination levels are then investigated.
The results agree well with the theory. Stability problems including
the room temperature storage, the effect of the SiO AR thickness, the
exposure of the cell surface and the Mg front metal contact to air
before the AR evaporation, and the high temperature lifetesting of the
Mg/Si02/P-Si system are explored. Degradation modes associated with the
cell surface and the Mg front contact are also revealed. Improvements
to the cell structure: the screen printed Al back contact and the new
MINP structure, have been achieved. Preliminary results show that the
former technique can be used to fabricate MISIL solar cells with the
same high efficiency and much lower cell cost.
No comparison with previous results is made as most of the
experiments are first attempts to the field.
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CHAPTER I INTRODUCTION
Among the various methods for the conversion of solar energy to
electricity, the solar cell is the one that holds the best promise. The
type of solar cell that has so far received the most attention is the PN
junction. Schottky-barrier solar cells [1-5] have been considered for
almost as long as the PN junction, but the former's low efficiency(
mainly Voc) has precluded its widespread use. However, the insertion
of a thin insulator (I) between the metal (M) and semiconductor (S) of
the schottky barrier can make a dramatic difference to its operation and
give rise to a new type of solar cell--the MIS solar cell [6-23]. The
operating principles of solar cells can be found in Appendix A.
By controlling the insulator thickness and the metal work
function, the dominant carrier flow in the dark I-V characteristics of a
MIS solar cell can be either majority carriers( majMIS such as schottky
barrier and Cr-MIS) or minority carriers( minMIS such as Al-MIS and
Mg-MIS). The minMIS or MIS inversion layer (MISIL) solar cells can
have higher efficiency than the, majMIS solar cells and are
electronically equivalent to the conventional PN junction solar cells.
There are two kinds of minMIS solar cells, the transparent metal
type and the grating type [7,20,21]. For the former, the top metal
layer is made very thin( typically < 100A) to let light through, and a
conventional coarse grating. is put over it to reduce the series
resistance. For the grating type, the metal contact is not continuous
but consists of thick metal lines spread closely together to collect a
majority of the carriers generated between them. Most of the reported
high efficiency mInMMIS solar cells are of the grating type.
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3The principal advantages of the grating mi nM I S solar cell over
the conventional PN junction are (1)simple and economic processing
steps due to the relatively simple structure, (2): enhanced blue
response due to the elimination of the' dead layer' and the location
of the potential barrier at the surface of the semiconductor (3): low
temperature fabrication process and ideal structure for polycrystalline
cells due to the elimination of the high temperature diffusion step and,
(4): higher open circuit voltage (Voc) due to the relaxation of the
constraints on Voc.
Recently. very high efficiency( > 17.5%) has been obtained for
the minMIS grating solar cell. This is the highest efficiency silicon
cell on an active area basis obtained so far. However a time consuming
and potentially expensive step of photolithography is required in the
fabrication of this solar cell to define the fine metallization pattern
needed to overcome the effect of a high sheet resistance in the narrow
induced inversion region. Such a pattern is too fine to be generated by
evaporation through conventional copper masks and so the
photolithography step has to be resorted to.
It has been proposed recently that this disadvantage can be
overcome by generating fine-linewidth shadow masks by anisotropically
etching wafers [30]. These silicon shadow masks have been fabricated
successfully in our laboratories and are used in the direct evaporation
of the front contact metal for our minMIS solar cells. The highest
active-area efficiency of our MISIL solar cells fabricated by this
simple preparation process is 17.3% and is the highest efficiency
obtained by similar techniques so far. It is the purpose of this thesis
to report on the fabrication process performance and stability of these
4MISIL solar cells. Improvements that can be made to the cells are also
proposed.
The optimization of the sintering temperature, the thin
interfacial layer thickness and the SiO antireflection (AR) coating
evaporation rate will be discussed by Hoi [24]. In this report, the
optimization of sintering time will be described in chapter II, the
performance of the cells including the spectral response compared to PN
junction, the temperature coefficient and the performance under
different light intensities will be discussed in chapter III, the
stability considerations including the room temperature storage, the
effect of the SiO AR thickness, the exposure of the cell surface and the
Mg front contact to air before the AR evaporation and the high
temperature lifetesting of the Mg/SiO 2 /P-Si system are discussed in
chapter IV. In chapter V, some improvements to our cells will be
described. Two improvements have been achieved by using the thickfilm
screen printed aluminum back contact and the new MINP structure. Most
of the experiments, especially the optimization of sintering time, the
exposure time effect and the high temperature lifetesting of Mg/SiO 2
/P-Si in the stability considerations, and the screen printed Al back
contact, are new attempts in the field and hence no comparison with
previous works is made.
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Chapter II OPTIMIZATION OF SINTERING TIME
2. 1 THEORY
2.1.1 Sintering
A summary of the fabrication steps for our MISIL silicon solar
cells is: chemically cleaning of the P-Si wafers, Al back contact
evaporation, sintering, Mg front contact evaporation and SiO AR
evaporation.
The sintering or heat treatment cell processing step following
the evaporation of the Al back contact not only helps create a low
resistance back contact of good mechanical adhesion with the P-Si, but
at the same time, affects the following important cell parameters:
1. surface parameters the interface state density the positive
charge density and the silicon dioxide thickness.
2. the minority carrier lifetime,
3. the back barrier height and the back contact resistance.
2.1.2 Sintering Time
The effects of the sintering time on the surface parameters are
neglected. The reasons are:
1. For surface state density and the positive charge density:
i. the silicon surface is sintered in nitrogen,
ii. within the sintering conditions concerned the effects on
the cell performance are negligible when compared with
the changes in the other cell parameters [24]
2. For silicon dioxide thickness- since the silicon wafers are
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sintered in nitrogen, the Si O2 thickness is kept constant at
about 18A.
The dependence of minority carrier lifetime on sintering time is
still unknown, although sintering temperature is al readl y known to have
great effects [40-42]. In the latter, the variations in lifetime are
attributed speculatively to the behaviour of oxygen in silicon. At low
temperatures, oxygen-donor complexes are produced and the density of
recombination centres is reduced. At higher temperatures( around
600°C), the complexes transform to other configurations and the
density of recombination centres increases. It is believed that at
heating temperature of 525°C, the transformation may be negligible and
the rate of production of complexes may increase with the heating time.
As a result, the minority carrier lifetime may increase with the
sintering time. However, the diffusion of the impurities 143] inside
the evaporated Al into silicon may increase with the sintering time and
lifetime degradation may occur.
In principle, the sintering time should have little effect on the
back barrier height and the back contact resistance.
The sintering temperature range is from 450-570°C, which is
lower than the Al-Si eutectic temperature, 577°C. The theory for the
formation of the ohmic contact at such low temperature is based on the
solid phase epi t axy theory [29,35,36]
Upon heating of the Al-Si contact, Si can dissolve at the
interface and go into solution in the solid Al metallization. A minimum
time( 1-2 min. at 525°C) is required for the Al to take up Si to its
solubility limit(= 1% at 525°C) [34]. The diffusion of Si within
Al is much faster than the diffusion of Al within solid Si and the
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latter reaction is usually neglected. On cooling, the Si which has
dissolved in the Al metallization comes out of the solution and will
deposit at suitable locations, particularly at the interfaces. The
deposited Si is P-type, Al having been incorporated into the growing
crystal. As such it makes a N+P junction[ 37-39] with an N-type
substrate and a PP+ barrier with a P-type substrate the latter forming
an ohmic contact. The former is also ohmic by tunneling.
The change in the back barrier height is proportional to the
concentration and width of the deposited P+ layer. The former is a
function of the solubility of Si in Al and the latter is a function of
the thickness of the evaporated Al, the solubility of Si in Al and the
time of sintering and cooling rate. Hence according to the solid phase
epitaxy theory, the sintering time should have no effect on the back
barrier height and the back contact resistance. However, the impurities
present in the evaporated Al may affect the above two back parameters
also.
82.2 Experiment
MISIL solar cells were fabricated using 1-2ohmcm <100>, P-type
CZ silicon wafers from W4acker. After chemical cleaning, Al back
contact was evaporated onto the unpolished side of the wafers using
electron beam evaporation. The evaporated Al film was about 1 micron
thick and should have better quality than those prepared by other
methods such as tunsgten filament evaporation. The wafers were then
sintered in nitrogen at the optimized sintering temperature, 525° C
[24], for times of 0 min. to 120 min. After sintering, a thin silicon
dioxide of thickness about 18A measured by ellipsometry was found on the
top of the Si wafers. Silicon masks [26 30] were used for the direct
evaporation of the front Mg metallization the smaller spacing between
the grid lines was found to give better cell performance than those
fabricated using copper masks which had wider grid spacing. Si0 was
coated as antireflection (AR) coating. Some wafers were evaporated with
Al back contact dots only( no Mg front contact and SiO AR coating) to
test the dependence of contact resistance on sintering time. The
contact resistance is an important constituent of the series resistance
as very fine grid spacing is used for front contact metallization and
the lateral resistance will be quite small.
Measurements on the dark and illuminated I-v characteristics of
the solar cells were made using the solar cell characteristics plotter
[31] AMI* condition was simulated using a halogen-filled tungsten
filament projector lamp calibrated by a Solarex standard cell.
The method used to measure the minority carrier lifetime In was
the photo-induced open circuit voltage decay method[33]. The strobe
flash used for the measurement of was checked by a fast photodiodeso
as to meet the requirements of being an abruptly terminated excitation
9source for reliable measurements.
The contact resistance R, was Measured using the method stated in
Appendix B.
Long wavelength response of the MISIL cells were also measured.
Cells with t= 5 and 120 min. were chosen as they had similar Isc. The
spectral response was measured using a Bausch-and-Lomb high intensity
monochromator.
* AMX condition is defined as
X= 0: solar spectrum in outer space.
X= 1: solar spectrum at earth's surface for optimum condition
at sea level, sun at Zenith.
X= 2: solar spectrum at earth's surface for average weather
conditions.
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2.3 Results and Discussion
In Fig.2.1-2.4, the open circuit voltage Voc, the short circuit
current density J sc the fill factor FF and the active area efficiency n
as a function of sintering time t were plotted. For t= 0
min. (Fig.2.5), since no ohmic contact was formed the results (I-V) were
poor and were not plotted. In Fig-2.6, contact resistance R as a
function of t was plotted. The long wavelength response of the MISIL
cells with t= 5 and 120 min. were plotted in Fi g. 2.7. The minority
carrier lifetime T as a function of t was plotted in Fig.2.8 and a
typical decay curve for the measurement of T was sketched in Fig.2.9.
The Voc and Jsc are found to increase with increasing t and
decrease after a maximum at t= 30 min. is reached. The FF increases
with increasing t. As a result., the n increases with t and decreases
after a maximum at t= 30 min. is reached. The dependence of the cell
parameters on the sintering time may be due to the combined effects of
the variations of the minority carrier lifetime( Fig.2.8) and the
decrease of the contact resistance( Fig.2.6) with the sintering time.
Decrease of contact resistance with increasing sintering time has also
been observed by Dascalu [32].
The increase in the long wavelength response for the cells with
longer sintering time( Fig.2.7) may imply that the back barrier height
is in fact a function of the sintering time.
Large variations in the results for t= 5min., especially for Voc
are found. This can be explained by the fact that there is a layer of
thin sil icon dioxide on the surface of the si wafer. This layer is
about 18A in thickness for our cells. It takes time for the Al to
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reduce this layer of silicon oxide before the actual Al-Si reaction can
take place. The rate[44] calculated for 525 C yields about 1 min.
to reduce a 18A thick Si02 layer. However, for t= 5min., incomplete
reduction of the Si02 layer is still possible. Also, the minimum time
for Al to take up Si to its solubility limit is about 2 min. and
incomplete dissolution of Si may exist for t= 5min. The large




The Voc, Jsc, and rl are found to increase with sintering time and
decrease after a maximum at t= 30 min. is reached. The dependence may
be due to the combined effects of the variations of minority carrier
l ifetiwe and contact resistance with sintering time.
The experimental optimized sintering conditions for our MISIL
O
solar cell are to sinter the silicon wafer at 525 C for 30mi n. At AMl,
the performance at t2= 30min. on 1-2 ohmcm P-Si substrates are: Voc=
2












































Fig. 2.5: Dark and illuminated I-V characteristics of the MISIL solar








Fig.2.6: Contact resistance (Rc) as a function of sintering time (t).
Fig.2.7: Long wavelength response of the MISIL solar cells.















Fig.2.8: Minority carrier lifetime (I) as a function of sintering
time (t).
Fig.2.9: Photo-induced open circuit voltage decay for MISIL solar
cell.
Chapter III PERFORMANCE OF TYPICAL CELLS
3,1 INTRODUCTION
MISIL solar cells are produced using the optimized procedures:
chemically cleaning of the wafers, A1 back contact evaporation using
electron beam, sintering in nitrogen, evaporation of the Mg front
contact through the self-made silicon masks and the SiO AR evaporation.
However, sintering temperature of 500 C is used instead of the
optimized temperature, 525° CE 24, because it has similar effect as
the latter and is used in most of the published works on MISIL solar
cells. The cross section of the Mg-MISIL solar cell is shown in
2 2
Fig.3.1. Total cell area is 1 cm and active area is 0.7532 cm.






















The devices have no back surface fields or texturized surfaces.
Figures in brackets are the active area efficiency.
23
The dark and illuminated I-V characteristics under simul ated AM 1
condition at 26 C of our most efficient M ISIL sol ar cell are shown in
Fig.3.2. The cell has an Mg front contact grid spacing of 133 microns
and a substrate resistivity of 0.375-0.625 ohmcrn. The fine grid of 133
microns is used because of the exploratory nature of our work. However
the total area efficiency of the cell is then lowered by the high cell
coverage.
The efficiency can he further improved by optimizing the
substrate resistivity( and crystal-grade) and front- contact design.
If Czochralski (CZ) silicon substrates with lower resistivity and/or
float zone (FZ) silicon substrates with the same or lower resistivity
are used in the solar cell fabrication higher efficiency may be
obtained since low resistivity substrates can give higher Voc and FZ
substrates are known to give higher efficiency than CZ substrates in the
fabrication of MISIL solar cells [25]. On the other hand, improvement
in the total area short circuit current and efficiency is possible if
silicon masks with finer grid fingers and smaller grid finger spacings
[ 27] are used in the front Mg evaporation. For example if a g r i d
finger width of 5 microns and grid finger spacing of 100 microns are
used the cell area coverage can he lowered to about 13° and the carrier
collection (Isc), FF and Voc will also be favoured by a smaller grid
spacing.
The active area efficiency of 17.3% is the highest efficiency
obtained so far for grating solar cells with a direct evaporated front
contact. The recent result is 15.1% [26]. Our success in using
silicon masks to fabricate high efficiency MISIL solar cells has the
following significance:
1. the computations of Norman and Thomas [28] indicate that the total
area efficiency of MISIL solar cell should be about 12% and this high
efficiency has been realized by Green and Godfrey [23,25,45] using
photolithography to define the metal grids. Our results show that the
high efficiency can also be achieved by using V-groove silicon masks.
2. the use of the direct evaporation of front contact metal instead of
the time consuming and potentially expensive step of photolithography
has greatly reduced the cost of MISIL solar cells and made it
competitive to the diffused junction solar cells.
3. the elimination of the photolithography step has been found to
avoid some degradation modes of the MISIL solar cells and give an
improvement to the performance and long term stability to the cells.
Details of cell degradation will be discussed in the next chapter.
The remaining sections of this chapter will discuss some other
characteristics of our MISIL solar cells including the spectral response
compared to the PN junction solar cells, the temperature coefficients



















Fig.3.2: Dark and illuminated I-V characteristics of the most efficient




The spectral response per unit total area of the MISIL solar cell
relative to a commercially available PN junction solar cell was plotted
in Fig.3.3. The total area Jsc of the PN junction and the MiSIL solar
2
cell were 21.7 and 25.9 mA/cm respectively. Spectral response
measurements were made using a Blausch and Lomb high intensity
monochromator having a 45W tungsten( quartz iodine) lamp for a light
source. The spectral range was from 350-1200 nin. Substrate resistivity
of 1-2 ohmcrn was used.
The MIS solar cell is found to have a better spectral response
than the PN junction, especially in the short and long wavelengths. The
superior uv response of the MISIL solar cell may be attributed to the
fact that MISIL solar cell has an advantage [46-47] over PN junction
solar cell in that its collecting junction is located right at the
semiconductor surface where the maximum generation rate of minority
carriers occurs under illumination. In a PN junction, this is precisely
where the poorest lifetime material( dead layer) lies. In addition,
the potential barrier of the MISIL solar cell is right at the
semiconductor surface and the collection efficiency of carriers
generated by light of short wavelengths is further improved.
The increase in the long wavelength side for the MISIL solar cell
may be due to a higher barrier at the back of the cell.
Relative
Response Fig.3.3: Spectral response per unit total area of the MISIL solar





The cell performance discussed so far refers to the performance
at room temperature with T=300a K. However, operation at different
temperatures is often required such as in important space applications
and large scale economical power generations on earth. For space
applications, the cell will be operated under greatly different
conditions, ranging from large solar distances such as the Jupiter's
orbit, where the ambient temperature is -120 C to -130 C and the input
light intensity is 5mW/cm 2to short distances such as the Venus or
Mercury orbits, where the temperature exceeds 140° C and the intensity
is 250rrW/cm2 or greater( the performance of our cells under different
illumination intensities will be discussed in the coming section). To
test the applicability and performance of our cells in these
environments, it is necessary to investigate the behavior of the cells
as a function of temperature( and intensity). The use of sunlight
concentration in large scale power generations 1511, which will make
solar energy conversion via solar cells a very attractive alternative to
other available means of generating power, will also require
information on temperature( and intensity) sensitivity of the cells.
Although from predictions, the temperature effect of MISIL solar
cells is similar to PN junction solar cells and the high intensity
application of MISIL cells is limited by the high sheet resistance of
the inversion layer, it is still worth investigating as no experimental
work on the temperature and intensity effect of MISIL cells has been
published.
3.3.? Thenr v
The short circuit current Isc is almost unaffected by temperature.
Most of the photogenerated carriers are produced close to the junction
and are-col 1ected. Those that must diffuse a long significant distance
to reach the junction are subject to recombination losses but those are
rather insensitive to changes in temperature. The decrease in energy
gap of silicon with temperature and the improvement in the base
diffusion length due to the increase in lifetime with increasing
temperature should [40] however give a small positive temperature
coefficient to the short circuit current.
The open circuit voltage Voc given by the equation:
Voc= (4kTq)ln(JscJo) (i)
where Jo= qDnn L Na (2)
and Jsc is the short circuit current density involves the dark
saturation current density Jo. The principal temperature dependence of
Jo is contained in the n factor which increases rapidly with
temperature as described by the relation
it Vi
n.(T)= 3.87x10 T exp(-Ego2kT) (3)
4
Eg(T)= Ego-2- 8x10( T-300K) eV[ 48-50] (4)
and Eqo= 1.12 e
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Neglecting the temperature dependence of the other coefficients and
subtracting its value of Voc(T) at T=Tr (room temperature) gives:
(5)
(6)
The equation above shows the linear decrease of Voc with temperature.
The temperature coefficient of Voc is obtained simply by
differentiating Voc(T), giving
(7)
Ego/q is the voltage Equivalent of the zero temperature bandgap of
silicon as determined by linear extrapolations from the temperature
region of interest( 1191mV for measurements around 300 K for silicon
1611 n is a parameter which depends on the precise mechanism
determining current flow but generally lies in the range of 1 to 4.
The FF should decrease with increasing temperature as
(8)
where U= qVoc/nkT and dFF/dU is positive[ 60].
As a result of the decrease of Voc and FF with temperature, the
efficiency will also decrease with increasing temperature.
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3.3.3 Experiment
The measurement on the temperature sensitivity of our MIS solar
cells was made using the solar cell characteristics plotter with its
associated sample holder [31]. The plotter had facilities for both
manual and autoplotting with built-in current limit against damage of
the solar cell under test. Either current or power output could be
plotted as a function of terminal voltage and there was provision for
marking the maximum power point on the curve. The sample holder is
provided with facilities for changing its temperature in the range
0 0
-186 C to 126 C. The temperature of the platform was monitored by a
thermocouple. The illuminated I-V characteristics were measured using
the PM1 simulator. The resistivity of the Si substrate was 1-2 ohmcmn.
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3.3.4 Results
The dark and illuminated I-V characteristics of the cells were
plotted in Fig.3.4-3.5. The Voc, Jsc, FF and rl as a function of
temperature were shown in Fig.3.6-3.9.
The Voc is found to decrease with increasing temperature. The
data can be fitted by a straight line. The slope, which is the
temperature coefficient of Voc, is -2. l6mV/o C.
The Jsc increases slightly and the FF decreases with the
increasing temperature as expected.
The active area efficiency rL decreases almost linearly with
increasing temperature and the slope, which is the temperature
coefficient of rn, is -0.07%/oC.
The above results are similar to those of the PN junction solar
cells with the same substrate resistivity. In fact equations (1)-(8) are
also applicable to the PN junction. For comparison, the temperature
coefficient of Voc and rZ for 2 ohmcm PN junction is about -2.2mV/° C
[ 52-53,56-57] and -0.06%/ O C[ 54-55] and for schottky barrier, the







Fig.3.4: Dark and illuminated I-V characteristics of the MISIL solar
cell with cell temperature higher than 303K.
Fig.3.5: Dark and illuminated I-V characteristics of the MISIL solar
cell with cell temperature lower than 303K.
Fig.3.6: Open circuit voltage (Voc) as a function of cell temperature
Fig.3.7: Short circuit current density (Jsc) as a function of cell
tanperature (T).
Fig.3.8: Fill factor (FF) as a function of cell temperature (T)





Assuming the radiation impinging on the device causes a generation
rate of electron-hole pairs in the active region of the semiconductor
given by
G=Nexp(-ax) (9)
where a is the semiconductor optical absorption coefficient and N is
the photon flux entering the semiconductor per square meter per second.
The collected current density from generated electron-hole pairs
under short circuit condition is C 641
(10)
N
where W is the width of the semiconductor depletion region plus the
inversion region and Lh is the diffusion length in semiconductor.
Hence the short circuit current should increase linearly with the
light intensity.
For low level injection the open circuit voltage Voc should
increase logarithmically with increasing illumination intensity as from
(1):
and Jo is constant with intensity.
The FF will also increase with intensity due to the increase of
Voc, Isc with intensity provided the series resistance of the cell is
negligible-
The efficiency should increase logarithm'cally with increasing
intensity following the increases in Voc and Isc. The increase should
be logarithmic until high level injection is reached.
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3.4.2 Experiment
Halogen-filled tungsten filament projector lamp, which was the
same lamp used for AM1 simulation, was used as the variable light
source in the intensity effect investigation. For illumination
intensity S (sun) less than 1, S was varied simply by adjusting the
power supplied to the lamp. For S=1(AM 1), the power supplied to the
lamp was 150W. For S>1 the illumination intensity was varied by
adjusting the distance on an optical bench between the lamp and the
cell. The intensity at any position was calibrated by a Glossen Panlux
Electronic Luxmeter, as both intensity and illuminance obey the inverse
square law. During each measurement, the temperature of the cell was
kept constant. The platform was forced air cooled and the temperature
was monitored by a thermocouple. The illumination time was controlled
by a shutter and the heating effect of irradiation was minimized. The
open circuit voltage and the short circuit current were checked each




The dark and illuminated I-V characteristics for different S were
plotted in Fi g. 3. 10-3.11. The Voc, Isc, FF and n as a function of
illumination intensity S were plotted in Fig.3.12-3.15. The logarithm
of the Isc as a function of Voc was plotted in Fig. 3. 16 and equation (1)
was verified.
The Isc of the cell is found to be linear with light intensity as
expected. The Voc is found to increase logarithmically. However, for
light intensity S greater than 1, decrease in FF with increasing
intensity S is observed. The decrease may be due to the effect of the
series resistance, especially the sheet resistance of the inversion
layer and the back contact resistance. Details of the effect of series
resistance on FF can be found in Hovel[ 59 1 and Green[ 60]. As a
result of this decrease, the efficiency increases with increasing S and
decreases after a maximum at S=4 is reached.
The resistance especially the sheet resistance of the inversion
layer is the main obstacle for the cell to achieve high efficiency at
higher illumination intensity. It limits the increase in FF and













Fig-3-10: Dark and illuminated I-V characteristics of the MISIL














Fig.3.11: Dark and illuminated I-V characteristics of the MISIL








Fig.3. 12: Open circuit voltage (Voc) as a function of the logarithm of










Fig.3.13:shot circuit current density (Jsc) as a function of the








Fig.3.14: Fill factor (FF) as a function of the logarithm of the







Fig.3.15: Total area efficiency (n) as a function of the logarithm
of the intensity level (log 10 S).
1
Fig. 3.16: In Isc vs. Voc
3.5 CONCLUSION
From spectral response measure mc nts our M IS IL solar cel 1 s are
found to have the same high uv response as compared to the other high
efficiency MISIL solar cells.
From temperature and intensity effect measurements the
temperature coefficient and the performance of the cell under different
intensities are investigated. Although our cells are satisfactory at
low temperature and intensity the performance at high temperature and
intensity is limited by the temperature coefficient and the series
resistance( especially the sheet resistance of the inversion layer).
Better performance is still possible if improvements [62-63] to the
cell fabrication procedures and cell structures are made. These
improvements include minimizing the series resistance and employing the
BSF structure.( Details on BSF can he found in Chapter V).
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CHAPTER VI STABILITY
4.1 ROOM TEMPERATURE STORAGE
With room temperature storage, the short circuit current Isc,
open circuit voltage Voc, and fill factor FF of our inversion layer
solar cells with fine front Mg grating spacing decreased only slightly
several months after fabrication, as shown in Fig 4.1-4.2. The
temperature and relative humidity of the storage atmosphere were
18-28' C and 60-80% respectively. For a grating spacing of lmm
Fig.4.1-4.2), small drop in the Isc and rn was observed. For grating
spacing as large as 5mm, only about 30% drop in Isc and n was found
(Fig.4.3). The coarse grating structures were fabricated with normal
processing steps apart from the larger grid line spacing to test the
long-term stability of the cells. When negative ions were deposited
onto the surface of the AR coating of the cells by an antistatic pistol,
larger drop in Isc and n were observed.
As MISIL solar cells rely on charges in the AR coating to induce
a charge layer( inversion layer) along the surface of the
semiconductor changes of this layer such as attraction of ions
negative ions for our MI-PSi cells) from the atmosphere by charges in
the AR coating will weaken the cell performance. Further details on the
effects of the accumulation of charges on the AR surface on the cell
.performance can be found in Lam et. al.[65-67]
There may be very few ions( negative ions) present in the
atmosphere where the cells are stored and hence our cells are more
stable than those of Lam [65-67]
As made
Fig.4.1: Dark and illuminated I-V characteristics of the MISIL solar













Fig.4.2: Dark and illuminated I-V characteristics of the MISIL solar
cells. Front grating spacing= 133 microns and 1 mm.











Fig.4. 3: Dark and illuminated I-V characteristics of the MISIL solar
cell with a front grating spacing of 5 mm. (as made and
after several months)
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4.2 EFFECT OF SIO THICKNESS
It is known that there is a decrease with time in the ability of
the evaporated SiO AR coating to induce an inversion layer in MISIL
solar cells[66]. This decrease has been shown to be due to the
accumulation of negative charges on the outer surface of the AR coating.
These charges may take several weeks to approach an equilibrium value
and there is some dependence of the equilibrium charge on the thickness
of the AR coating.
Fine grating MISIL solar cells were remeasured a long time after
fabrication and were found to have slight degradation. 1600A SiO was
coated onto the cell surface giving a total SiO thickness of 2400A.
Increase in Voc was observed as shown in Fig.4.4. Isc was lowered due
to the increased absorption and reflection for thicker SiO. With
further evaporation of 1600A SiO( giving a total thickness of 4000A and
5600A respectively), no change in performance was found. It seemed
that the positive charges in the recoated Si0 had neutralized the
negative charges that were accumulated on the cell surface from the
atmosphere through the storage time. With shelf storage) the cells with












Fig.4.4: Dark and illuminated I-V characteristics of the MISIL solar
cell. SiO (AR) thickness= 800 and 2400A respectively.
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4.3 EFFECT OF EXPOSURE TIME
Our experimental results on MISIL solar cells showed that cells
with their front surface and Mg metal grating exposed in air for periods
of several hours before the deposition of SiO AR coating seemed to have
worse as-made performance and long-term stability than those with
immediate deposition of SiO. An experiment was conducted to show this
phenomenon.
Cells were fabricated using the normal processing steps except
with the front surface and Mg grating exposed to air for 10min. to 6
hours before the evaporation of AR. The Voc, Jsc, FF and n as a
function of waiting( exposure) time were plotted in Fig.4.5-4.8. The
experimental results show that with increasing time of exposure,
decreasing Voc was observed. Slight variations in Jsc and FF were
found. As a result, rt decreased with increasing exposure time. A week
later, cells with longer waiting time had worse degradation, as shown in
Fig.4.9. The degradation was mainly in Voc.
Several degradation modes are possible when waiting time between
the Mg and SiO evaporation exists:
1. The exposure of front Mg metal to oxygen( air) will result in
the formation of an oxide. Mg is more active than Al and will
form oxide at a faster rate [74]. The presence of the oxide
on the metal surface may increase the effective work function
of the metal since oxide usually has a higher work function.
The increase in work function will result in the lowering of
the barrier height and hence the Voc.
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2. When a cell not coated with an AR layer is exposed to air,
negative ions from the atmosphere such as oxygen ions and
water vapour will be attracted to and accumulated on the
surface of the uncoated cell, especially on the regions
between the grid lines. The accumulation of negative ions
may[68, 71, 75]:
i. weaken( neutralize) the inversion inducing power of the SiO
AR coating when it is subsequently deposited. The negative ions
will also react with the positive charge in the thin silicon
dioxide. The overall effect is a lowering of the barrier height.
ii. affect the long term stability of the cells since the negative
ions, especially the oxygen ions, will react with the silicon
oxide or react with the silicon underneath by penetrating
through the thin oxide. The interfacial layer( oxide) will
then change( thicken) as a function of time. The main effect
may be also a lowering of Voc.
The above degradation modes are all time and environment
dependent--such as temperature, relative humidity and concentration of
ions in the atmosphere.
The front contact metal for most of the recent high efficiency
MISIL solar cells [23,25,45] is Mg and the grid pattern is usually
defined by photolithography. Exposure of the front surface and Mg layer
to air is unavoidable during the process. The above degradation modes
























Fig.4.7: Fill factor (FF) as a function of exposure time (t).
Fig.4.8: Active area efficiency (r|) as a function of exposure time (t).
Fig.4.9: Dark and illuminated I-V characteristics of the MISIL solar
cells. Surface exposure time (t)= 10 min. and 6 hours,
respectively, (a week after fabrication)
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4.4 HIGH TEMPERATURE LIFETESTING OF THE MG FRONT CONTACT
R. B. Godfrey et-al. had performed a high temperature l i fetest i ng
[69] of Al /Si02 /P-Si contacts for their MISIL solar cells and
concluded that electrical degradation in the temperature range
270-400°C was governed by an activation energy of 2.56eV, which was the
same activation energy for the reduction of SiO2 by Al [44]. Their
results also indicated that this reduction process would proceed at a
negligible rate compared with the other degradation modes at temperature
below 200°C. However, the front contact metal for most of their high
efficiency solar cells is not Al, but Mg. Articles on the l i fetesti ng of
Mg/Si02/P-Si contacts on MIS solar cells were not found so far. The
front contact metal for our most efficient MISIL solar cell is also Mg
and it is worthwhile to investigate the stability of the Mg contact.
Test contacts were made with 5mm diameter( 1-2 microns in
thickness) Mg dots on P-Si wafers. Fabrication procedure was to
chemically clean the Si wafers, evaporate a large area Al back contact,
and sinter at 500°C in Nitrogen. After' sintering, a thin silicon oxide
of thickness about 18A measured by ellipsometer was detected on the
front surface of the silicon wafers. Mg dots were then evaporated
through metal masks onto the front surface and the resulting devices
electrically characterized. The dots had I-V characteristics identical
to PN junctions formed on the same substrates. Over a long period, no
change in the electrical characteristics of the Mg-MIS diodes was
observed. The diodes were high temperature lifetested by placing them
in a diffusion furnace with Nitrogen flowing at temperature of
175-300°C for times of 1 min. to 3 days. Each device was
recharacterized at fixed intervals. Devices were considered failed if
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the degradation exceeded a fixed.standard( >10%). The failure time
can be extrapolated to that for a 10% degradation. A higher failure
standard was used as it might give more reliable results.
Fig 4.10-4.11 compare the dark I-V characteristics of a device
before and after failing after 30 min. at 2000 C. Also shown are the
I-V curves for heating time in excess of 30 min. The behaviour is quite
different from Al/Si02 /P-Si contacts and shift of I-V to the origin
instead of shunting is observed. For Al/Si02/P-Si contacts, increase of
diode current at low forward bias voltage due to the shunting of the
junction is the main reason for failure. The logarithm of the mean time
to failure( >10%) as a function of inverse temperature( Arrhenius
Plot) is in Fig.4.12 (A). The experimental data can be fitted with a
straight line, giving a slope( the activation energy) for the
degradation process of about 1.64eV. Also shown in Fig-4-12 is the
Arrhenius Plot for a 10% degradation (B). Line B was drawn by drawing a
parallel line to line A as they should have the same slope. The theory
was ensured by two experimental data. For comparison, the Arrhenius
Plot for the Al /Si02/P-Si contact [69] is also shown in Fig.4. 12.
Several degradation modes may be responsible for this degradation:
1. It is known that Al can reduce Si02 and Mg is a stronger reducing
agent than Al. The reduction potentials for Al and Mg are -1.66V
and -2.37V respectively. The ratio of the potentials is similar to
that of the activation energies( 2.56 and 1.64eV). Hence the Mg
may reduce the Si02 underneath and form magnesium oxide at the
interface. The presence of this layer will affect the cell
performance, especially the Voc.
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2. Upon heating, the impurities( especially oxygen ions) in the
silicon substrate and the evaporated Mg may react with the thin
silicon oxide as well as the Mg. The reaction rate is faster than
that at room temperature. The formation of oxides at the interface
will change the structure of the interfacial region between Mg and
P-Si and affect the cell performance.
3.It is known that Mg will form suicide with silicon and sil icide
formation is the principal cause for saturation current
degradation [73]. The feature of this degradation is a shift in
dark I-V characteristics( instead of shunting), which is what
has been observed in our experiment.
4. The oxide layer in the interface contains positive charge and this
charge can be removed by low temperature heat treatment [34].
Such a removal will result in the lowering of the barrier height.
Also shown in Fi g.4. 13-4.14 are the plots of Voc, Isc, FF and ri
as a function of heating time at heating temperature of 200°C for a
fine grating MISIL cell. The peel-off of Mg front contact at long
heating time, which has been observed in most of the test samples, may
indicate the presence of magnesium oxide at the interface as the
magnesium oxide is known to have had mechanical adhesion.
Although the Mg front contact is found to degrade at a faster
rate than the Al front contact, extrapolation to lower temperature
indicates that the degradation rate is still negligible. The
degradation may be improved by minimizing the impurities concentration













Fig.4.10: Dark I-V characteristics of the Mg-MIS diodes with different
heating time (t).
Fig.4. 11: Dark I-V characteristics of the Mg-MIS diodes with different
heatlng time (t).
Fig.4.12: Arrhenius plots of failure time vs. reciprocal temperature
for the Al-MIS diodes and the Mg-MIS diodes.
A: failure standard 10%.
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Fig.4.13: Dark and illuminated I-V characteristics of the MISIL solar
cell with different haetine itme(t).
Fig.4. 14: Open circuit voltage (Voc) as a function of heating time (t).
Fig.4. 15: Short circuit current (Isc) as a function of heating
time (t).
Fig.4. 16: Fill factor (FF) as a function of heating time (t).
Fig.4. 17: Total area efficiency (r) as a function of heating time (t).
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Chapter V IMPROVEMENTS
5.1 SCREEN PRINTED AL BACK CONTACT
5.1.1 THEORY
5.1.1.1 Thickfilm screen printing
One of the principle problems in reducing costs of solar cells is
the large number of processing steps and the number of loading and
unloading operations. The reason these operations are required is that
vacuum eqipment and masking are used for the contacting and
anti reflection steps. Not only do these steps require a lot of labour
in the loading and unloading operations but the throughput rate is also
limited by the vacuum equipment area capacity and pump down times.
Moreover, the metal deposition yield is low, mainly with regard to the
front side where the patterning implies either photolithography or
evaporation through a metal mask. Hence only a small portion of the
evaporated metal is usually retained.
On the other hand, the screen printing deposition [79] is by
far the least metal consuming and is the only method appropriate for
large scale solar cell production. Also the screening processes are
performed without the use of vacuum chambers and expensive masking
techniques, thus providing the possibility of reduced costs by
automation. Another advantage of thickfilm screen printing is that it
can coat a thick Al film on silicon wafers easily, and thick Al film is
essential for producing effective back surface field [80].
5.1.1.2 Back surface field
A dramatic improvement in the output performance of Si solar
cells has been noted in the last few years with the advent of the' back
surface field' (BSF) cell [76,78]. In this device, the front portion
of the cell is unchanged, but the back of the cell, instead of just
containing a metallic ohmic contact to the moderately low resistivity
base, has a very heavily doped region adjacent to the contact.
The advantages of the extra region can be seen with the help of
the hand diagram of Fig. 5.1. The potential barrier between the two
p
base regions tends to confine minority carriers in the more lightly
doped region, away from the ohmic contact at the back. If the width of
the baseWis comparableto or less than the diffusion length Ln in the p base, then someof the electrons that wouldhavebeenlost at the back
surface may cross the induced junction boundary instead, enhancing the
short circuit current. The open circuit voltage will be enhanced also,
due to: (1), the increase of the short circuit current,(2), the decrease
in the diode leakage current due to the reduced recombination at the
back surface of electrons injected from the inversion region into the
base and (3), a modulation of the barrier by the change in minority
carrier densities at the high-low junction edge.
base, then some of the electrons that would have been lost at the back
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5.1.2 Experiment
The advantages of the back surface field 'and ' thickfilm
screen printing' are combined and realized in one simple step. The
revised solar cell fabricating process is: chemically cleaning of the
wafers, Al back contact metallization by thickfilm screen printing,
alloying in nitrogen to give BSF action, evaporation of the top Mg
contact metallization through a silicon mask and evaporation of an SiO
AR coating. This process i.s similar to our normal MISIL solar cells
fabrication process except that in the latter, the back Al contact is
formed by vacuum evaporated Al followed by sintering at lower
temperature. Cells and diodes were fabricated in pairs comprised of one
with evaporated Al and one with screen printed Al for comparison.
The screen printing procedure was the same as the current
industrial procedure[77]: screen printed an Al film of thickness
about 25 microns onto the back of the wafers. THe ink used for the
screen printing was Al paste( ESL 2590) purchased from the
Electro-Science Laboratories, Inc. New Jersey, USA. The printing
process was completed with the help of a screen printing machine. After
the ink was screen-printed onto the substrate through the screen mesh,
it was air dried at ambient temperature for 5 to 15 min. to permit
leveling of mesh pattern. This was followed by a bake in oven at about
1250 C for 15 min. to dry out the volatile solvents. The wafers were
then fired in a diffusion furnace at 8500 C with nitrogen flowing for
40sec. After firing, an Al doped P+ layer of approximately 1 micron
thick would be created at the back of the wafers. For comparison, a
firing time of 80sec. was also tried. The evaporated Al cells were
sintered at 5000 C in nitrogen for 30 min.
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5.1.3 Results and Discussion
The dark I-V characteristics of the MIS diodes with evaporated Al
and screen printed Al respectively are shown in Fig.5.2. A shift in the
I-V curves for the screen printed Al diodes to the positive voltage side
is observed. For a forward current of 20mA, the increase in voltage is
+10mV and +15mV for screen printed diodes with firing time 40sec. and
80sec. respectively. Besides shifting to the positive voltage side, the
dark I-V characteristics of the screen printed Al diodes and the
evaporated Al diodes are similar for the voltage range concerned, as
shown in Fig.5.3. The results for the diodes have suggested that the
screen printed process does not introduce extra resistance and can be
used to creat a BSF.
In Fig.5.4, the dark and illuminated I-V characteristics for the
MISIL solar cells with different back contact fabrication processes are
shown. The increase in Voc for the 40sec. and 80sec. screen printed
cells are 1-5mV respectively as compared to the evaporated Al cells.
Similar efficiency for the three types of cells is found. Also shown in
Fig.5.5 are the long wavelength responses of the cells with screen
printed Al( firing time = 80 sec.) and evaporated Al back contact
respectively. The increase response for the former may indicate the
presence of the BSF.
The increase in Voc is lower than the theoretical value [76]
(11)
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with Dn = Dn( assume), N= 1016/cm3, N+= 1019/cm3, W= L- Xj= 1 m
and L= 280 vm. If the firing temperature and time are optimized and
thinner Si wafers are used, higher Voc (efficiency) may be obtained.
The firing temperature and time are critical in determining the
resistance of the thickfilm, the width and concentration of the P + layer
and the .minority carrier lifetime the thinner wafer may be used to
improve the BSF effect. The screen printed process, so far, has been
proved to yield MIS solar cells with the same high efficiency and












Fig.5.1: Energy band diagram of a BSF device.
Fig.5.2: Dark I-V characteristics of the MIS diodes. Back
contact fabricated by evaporated aluminum and screen printed
aluminum (firing time- 40 and 80 sec.) respectively.
Fig.5.3: Dark I-V characteristics of the MIS diodes. Back contact
fabricated by evaporated aluminum and screen printed
ai uminum (firing time= 40 and 80 sec.) respectively
Fig.5.4: Dark and illuminated I-V characteristics of the MISIL
solar cells. Back contact fabricated by evaporated Al
and screen printed Al( firing time= 40 and 30 sec.)
respectively.
Fig.5.5: Long wavelength response of the MISIL solar cells. Back
contact fabricated by evaporated aluminum and screen printed
aluminum (firing time= 80 sec.) respectively.
5.2 MINP
Recently, a new solar cell structure—the MINP solar cell, has
been proposed and realized by Green et.al.[ 81-83]. It is essentially
an extremely shallow NP junction solar cell with an MIS contact made to
the top of the cell. Performance advantage over PN cells results from a
marked improvement in Voc which converts directly to an efficiency
advantage. Although more processing steps are needed, the MINP solar
cell has advantages over the minMIS grating solar cell by a 20mV
increase in Voc, a relaxation of contraints on the top contact grid
design, and the elimination of electrostatic sensitivity of the device.
The improvements over minMIS devices are due to a higher, more optimum
concentration of electrons near the surface of the MINP devices than can
be induced by electrostatic action.
The MINP technique is applied to our MIS device. After junction
formation by low temperature diffusion at 700° C, the devices are
subjected to our normal MIS processing steps: chemical cleaning, A1 back
contact evaporation, sintering in nitrogen, direct evaporation of the Mg
front contact, and evaporation of an SiO antiref1ection coating.
However, no observable increase in the Voc is found for different
combinations of substrate resistivity and front Mg grid spacing. For
wide grid spacing cells to test the relaxation of the top contact grid
design, decrease in FF which indicates the increase in series (sheet)
resistance is observed. Further details of the performance of MINP can
be found in Hoi [24]. For stability considerations, as shown in
Fig.5.6-5.7, the MINP solar cells do not seem to be more stable than the
min.MIS.
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Several explanations are proposed:
I. the N layer of our MINP cells is not optimized.
2. the diffusion temperature of the N layer is 700 0C, this may be too
high and may have affected the cell performance.
3. no BSF action is included.
The MINP is still under investigation and it is hoped that when
ion implantation becomes available in our laboratory in a few months
time, better results may be obtained.
Fig 5.6 : Dark an illuminated I-V characteristics of the min MIS and
MINP solar cells (as made)
Fig.5.7: Dark and illuminated I-V characteristics of the min.MIS and
MINP solar cells, (after a long period)
CHAPTER VI CONCLUSION
A summary of the important achievements is as follows:
1. Direct evaporation of the front Mg metal contact through a silicon
mask instead of using the photolithography to define the metal
grids is used in the fabrication of our MISIL solar cells and
active area efficiency of 17.3%, which is the highest efficiency
obtained by similar techniques so far, is achieved. The use of
silicon masks can also provide a faster and cheaper way to
fabricate high efficiency M IS IL solar cells, and is found to
improve the performance and long term stability of the cells
by avoiding some degradation modes.
2. The high efficiency solar cells can be reproduced using our
optimized processing steps.
3. Experiments presented here represent an original attempt in
the optimization of the sintering time for the fabrication
of the Mq-MISIL solar cells.
4. The temperature coefficient and the performance under high
illumination levels of the MISIL solar cells are investigated
for the first time.
5. Degradation modes associated with the exposure of the cell
surface and the Mg contact to air before the coating of the AR and
the stability of the Mg front contact are revealed.
The results show that immediate deposition of AR is necessary for
good cell performance( and stability) and the Mg front contact
though it degrades at a faster rate than the A! front contact is
still reliable for low temperature usages.
6. Preliminary results on the thick film screen printing A1 back
contact indicate that the process can yield MISIL solar cells with
the same high efficiency at a relatively lower fabrication cost.
Improvements to the efficiency are possible if the substrate
resistivity and type and front contact design are further optimized.
Reoptimizing the cell processing steps( as the original optimized
conditions are only for 1-2 ohmcm CZ wafers) may give higher efficiency
al so.
Appendix A
A photovoltaic cell is a semiconductor diode with provision for
admitting optical excitation to generate electron-hole pairs in the
proximity of the junction. In the dark its behaviour resembles the J—
exp(qVkT)-l characteristics of an ideal P-N junction. When
illuminated, an additional current component is added which shifts the
characteristics along the current axis by an amount -Jsc, where Jsc is
the short circuit current density and is nearly independent of voltage.
The elementary form for the solar cell characteristics is:
J= Jsc- Jo[ exp(qVkT) -1] (12)
where Jo- is the 1 dark saturation current density'. This is the
characteristics for the case where the minority carrier concentration in
the base is always small compared to the majority carrier' concentration.










In open circuit, J= 0 and V= Voc( open circuit voltage), the
equation is:
Voc=( kTq)l n(J scJo+ 1) (13)
Maximum power P is delivered when the load is properly matched:
P= J V= FF Jsc Voc
max m m (14)
The fill factor FF depends upon the 'sharpness' of the I-V
characteristics. The conversion efficiency n is defined as P P and
1 max in
P is the optical power that falls upon the cell,
The Jo for an ideal NP junction is:
Jo=( qD n'rL N )coth(LL)
(15)
where D and L are the electron diffusion coeficient and diffusion
length in the base, and N is the acceptor concentration. L is the width
of the P base.
For an ideal Schottky diode, the majority carrier is dominant and
Jo i s[ 70]:
Jo= AT~exp(-q0 k T)
(16)
where A is the effective Richardson constant and is the barrier
height.
For a majority MIS diode, the majority carrier is dominant and
the principal effect of the 'I' layer is the modification of the barrier
transmission coefficient. The Jo is [72]:
Jo= A7 exp(-Tx%) exp[ -qkT( 0+ 0r) 1 (17)
where A= Atrmqk h, m is the effective mass of the conduction hole,
x is the mean barrier height, S is the 'I' thickness, 0 is the surface
potential relative to the valency band and jZp is the fermi potential
relative to the valency band.
For a minority MIS diode, the semiconductor electron quasi-fermi
level is effectively pinned to the metal fermi level under reverse and
small forward bias and the dominant current component is the minority
carrier current. The Jo is F 7,72]:
Jo=( qD rul N) coth(LL)
Note that the Jo is exactly the same Jo for the ideal NP junction.
For a real cell, a more accurate expression by taking intc
account the series resistance R, the shunt conductance G and the
additional current component is:
where n is the n factor. In general, the J is mainly the depletion
reqion recombination current where J= qn.WX and n= 2. W is the
depletion, reqion width and I is the effective lifetime.
The equivalent circuit is as follows:
R Load











Formula: Re=( R'- R)? where R1 is the measured resistance,
R= (pTtW)ln(r-, rQ) and p is the substrate resistivity.
Derivation of R: V= Vb- Va=
, b
i E f r) d r
a
for p= 1.5 ohmcm W= 0.028 cm rq= 0.25 cm r= 0.60 cm
R= 14.928 ohm
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